Enamel formation and quality are dependent on environmental conditions, including exposure to fluoride, which is a widespread natural element. Fluoride is routinely used to prevent caries. However, when absorbed in excess, fluoride may also lead to altered enamel structural properties associated with enamel gene expression modulations. As iron plays a determinant role in enamel quality, the aim of our study was to evaluate the iron metabolism in dental epithelial cells and forming enamel of mice exposed to fluoride, as well as its putative relation with enamel mechanical properties. Iron storage was investigated in dental epithelial cells with Perl's blue staining and secondary ion mass spectrometry imaging. Iron was mainly stored by maturation-stage ameloblasts involved in terminal enamel mineralization. Iron storage was drastically reduced by fluoride. Among the proteins involved in iron metabolism, ferritin heavy chain (Fth), in charge of iron storage, appeared as the preferential target of fluoride according to quantitative real-time polymerase chain reaction, Western blotting, and immunohistochemistry analyses. Fluorotic enamel presented a decreased quantity of iron oxides attested by electron spin resonance technique, altered mechanical properties measured by nanoindentation, and ultrastructural defects analyzed by scanning electron microscopy and energy dispersive x-ray spectroscopy. The in vivo functional role of Fth was illustrated with Fth +/-mice, which incorporated less iron into their dental epithelium and exhibited poor enamel quality. These data demonstrate that exposure to excessive fluoride decreases ameloblast iron storage, which contributes to the defective structural and mechanical properties in rodent fluorotic enamel. They raise the question of fluoride's effects on iron storage in other cells and organs that may contribute to its effects on population health.
Introduction
The human environment has become increasingly contaminated by various pollutants, which may underlie the known modern burst of diseases (Gray et al. 2017) . Fetal and perinatal exposure to some pollutants, such as endocrine disruptors, dioxin, and fluoride, generate irreversible enamel defects (Alaluusua et al. 2002; Aoba and Fejerskov 2002; Jedeon et al. 2013; Jedeon et al. 2016) . Their characterization may help to reconstitute the history of ameloblast activity alterations and thus to use enamel defects as an early marker of exposure to environmental toxicants altering the development of teeth and other organs. The present study is focused on fluoride, which is widely present in the human environment and which presents many cell effects , including disruption of iron metabolism (Niu et al. 2018) . Fluoride protects against caries essentially via topical actions, but when absorbed in excess, fluoride may also lead to altered enamel structural properties associated with enamel gene expression modulations (Fejerskov et al. 1994; Aoba and Fejerskov 2002) . As iron plays a determinant role in enamel quality (Dumont et al. 2014) , as well as in cell activity and metabolism (Dixon and Stockwell 2014) , the rationale of our study was to investigate
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the putative link that may exist among exposure to fluoride, disrupted iron metabolism in dental epithelial cells, and enamel properties.
Enamel synthesis occurs from the third trimester of fetal life to 6 y after birth, a time window particularly sensitive to environmental toxicants and fluoride (Jedeon et al. 2013; Bashash et al. 2017) . Amelogenesis follows a well-known spatialtemporal sequence of ameloblast proliferation, differentiation, maturation, and death, characterized by specific gene expression patterns. Amelogenesis begins with the secretory stage, during which a partially mineralized enamel matrix is formed. Once the full thickness of the enamel matrix has been deposited, amelogenesis enters the maturation phase, during which enamel is fully mineralized by apatite crystal, reaching a mineral weight of approximately 97% (Nanci 2012) . Finally, ameloblasts disappear during tooth eruption, making enamel defects (if any) irreparable and thus irreversible, retrospectively recording ameloblast stresses. Thus, any disruption of ameloblast activity results in alterations of enamel structure.
Enamel can incorporate fluoride into the growing hydroxyapatite crystals, by either accretion or heteroionic substitution. Fluoride protects against caries by generating fluoridated apatite, increasing the remineralization process, and inhibiting bacterial enolase activity (Moreno et al. 1974; Hamilton 1990 ). However, limits to the prescription of fluoride have been repeatedly advised, mostly because of the narrow safety range for its use. The recommended dose to prevent caries (0.05 mg/ kg/d) is only half the amount that may cause enamel hypomineralization, called dental fluorosis (>0.1 mg/kg/d; Fejerskov et al. 1994) . Dental enamel, which is constituted of hydroxyapatite, is the most sensitive tissue due to fluoride high affinity for it (Aoba and Fejerskov 2002) . In clinics, dental fluorosis is diagnosed by the presence of whitish opacities that may be associated with brownish coloration and enamel breakdown, depending on the severity of the pathology. Enamel defects delineate the exposure window to fluoride. Mineralization defects are comparable in fluorotic human teeth and fluorotic mouse incisors (Jalali et al. 2017) .
In rodents, fluorotic enamel is characterized by discoloration of the physiologic yellow-orange enamel pigmentation. Pigmented tooth enamel occurs not only in rodents but also in several vertebrate clades, from mammals to fish. Pigmented superficial enamel is harder and more resistant to acid and wear than core enamel, and this property is tightly associated with higher iron content (Gordon et al. 2015; Bhattacharya et al. 2016) . In humans, trace elements such as iron may reinforce dental health (Dumont et al. 2014 ) and contribute to tooth resistance acquired during development. The most external part of enamel is in contact with maturation-stage ameloblasts, which express and contain high concentrations of ferritin heavy chain (Fth) associated with the light chain (Ftl) to form the core subunit of ferritin, responsible for cellular iron storage (Wen and Paine 2013) . Interestingly, ferritin expression has been reported to be regulated by fluoride in hepatocytes (Niu et al. 2018) , suggesting a possible regulation in ameloblasts.
Ferritin, a 24-mer heteropolymer of Fth and Ftl subunits, plays a pivotal role in intracellular iron homeostasis, storing up free iron and hence preventing cellular free radical damage (Li et al. 2015) . Fth has ferroxidase activity (converting Fe 2+ to Fe 3+ ). Ferric iron ions (Fe 3+ ) are transported and distributed throughout the body by transferrin (Trf) and internalized by cells mostly through its receptor Tfrc, whereas ferrous iron ions (Fe 2+ ) are internalized through divalent metal transporter 1 (Slc11a2; Andrews 1999). The export of iron out of the cell is ensured by ferroportin (Slc40a1; Donovan et al. 2005) . The functions of these proteins have been demonstrated in vivo with mouse models. Among them, mice with total inactivation of Fth die before birth (Ferreira et al. 2000) , but heterozygous Fth +/-mice are viable and may thus be a good model to study the functional role of Fth (Ferreira et al. 2001) .
The main objective of the present study was to decipher the fluoride mechanism of action with the tooth enamel, its major target tissue. We tested the hypothesis of a disruption of iron storage in ameloblasts with putative alterations in enamel structural and mechanical properties, in an experimental model of dental fluorosis in mouse incisors.
Materials and Methods
Complete procedures are presented in the Appendix.
Animals and Biological Samples
Forty male Balb/c mice (aged 3 mo) were used for this study and maintained in accordance with the French Ministry of Agriculture's guidelines for the care and use of laboratory animals (A75-06-12). This study adheres to the ARRIVE guidelines for animal research (Kilkenny et al. 2010) . Wild-type mice (n = 20) and mice deleted for 1 allele of the Fth (Fth +/-, n = 20) were divided into 2 groups and treated or not with 5mM NaF (equivalent to 100 ppm) in their drinking water for 5 wk, the time necessary for full growth of the incisor (10 animals per group).
Hemimandibles were fixed in 4% PFA for nanoindentation, scanning electron microscopy/energy-dispersive x-ray spectroscopy (SEM/EDS), secondary ion mass spectrometry (SIMS), Perl's staining, and immunofluorescence analyses. Right and left incisors were treated as separate biological samples but never used together in a same experiment. Three incisors from 3 mice per group were used for nanoindentation and SEM/EDS, 3 for SIMS, and 3 for immunofluorescence and Perl's staining. Five and 6 hemimandibles were immediately microdissected for protein and RNA extractions, respectively.
Perl's Staining
Incisor sagittal sections were deparaffinized, rehydrated, and immersed in 1N HCl/5% potassium ferrocyanide for 40 min. The slices were mounted with cover slips.
SIMS Imaging
Ultrathin frontal sections of incisors were deposited on silicon chips. Dynamic SIMS imaging was performed with a NanoSIMS-50 ion microprobe (CAMECA) operating in scanning mode (Guerquin-Kern et al. 2005).
Electron Spin Resonance
Powders of dental enamel from the tips (erupted parts) of control and fluorotic mandibular incisors were prepared after careful grinding of the dentine with a diamond microbur and analyzed with a X-band electron spin resonance (ESR) spectrometer.
Nanoindentation
Nanoindentation was performed on frontal sections of mouse mandibular incisors. The indentation experiments were performed with a calibrated Berkovich nanoindenter.
Scanning Electron Microscopy and Energy-Dispersive X-ray Spectroscopy
SEM and EDS analyses of polished frontal sections of etched mouse mandibular incisors were performed with a Hitachi SU8030 microscope operating at 15 keV.
RNA Extraction and RT-qPCR Analysis
RNAs were extracted from microdissected incisor dental epithelium with the RNeasy Protect Mini Kit (Qiagen). The detailed procedure of quantitative real-time polymerase chain reaction (RT-qPCR) is described in Appendix Materials, and primers are listed in Appendix Table 1 .
Western Blotting
Total cellular proteins from freshly microdissected incisor enamel organs were extracted with an SDS-lysis buffer and subjected to SDS-PAGE. Membranes were incubated with specific antibodies (Appendix Table 2 ).
Immunofluorescence Assays
Sagittal sections of mouse hemimandibles were incubated first with antibodies directed against the studied proteins and second with anti-IgG antibodies coupled to Alexa Fluor (Appendix Table 2 ). Finally, slices were immersed in DAPI and imaged with a fluorescence microscope (Zeiss Axiovert 200M).
Statistics
Results are expressed as the mean ± SD and analyzed with Mann-Whitney test via GraphPad Prism Software (version 5.0; GraphPad Software).
Results
Iron Content Imbalance in FluorideTreated Dental Epithelia
As iron is involved in enamel structural properties (Gordon et al. 2015; Bhattacharya et al. 2016 ) altered by excessive fluoride and as ferritin-expressing maturation-stage ameloblasts are the main target cells of fluoride (Aoba and Fejerskov 2002) , we investigated the putative link between exposure to fluoride and disruption iron storage in maturation-stage ameloblasts. Under control conditions, Perl's by SIMS imaging in a selected region. Iron, shown in red, was reduced in NaF-treated ameloblasts. Phosphorous, as internal control (in green), was mostly present in nuclear DNA and enamel. Scale bar: 30 µm. (G) Comparison of ESR spectra between control and NaF-treated mouse incisors at room (293 K) and low (4.2 K) temperature. Under fluoride treatment, there was a significant decrease in intensity for the signals detected at g ≈ 8.0, g ≈ 2.4, and g = 2.06, corresponding mainly to iron-bearing secondary phases (oxides and oxyhydroxides). Am, ameloblasts; C, control; En, enamel; ESR, electron spin resonance; PL, papillary layer; SIMS, secondary ion mass spectrometry.
staining showed mouse ameloblasts to contain an increasing amount of iron during the process of amelogenesis, from the transition to maturation and pigmentation stages (Fig. 1A, B ) in accordance with previously published data (Miyazaki et al. 1998; Wen and Paine 2013) . Chronic fluoride intake substantially decreased Perl's staining in maturation-and pigmentation-stage ameloblasts with a proximodistal gradient (Fig. 1C,  encircled) . The total length of the Perl's stained region, corresponding to iron-containing ameloblasts, was shorter and discontinuous with groups of ameloblasts partially or completely devoid of staining. There was also a loss of polarity and iron storage around some pigmentation-stage ameloblasts (Fig. 1D, arrows) .
A similar reduction of iron content was also observed with SIMS analysis (Fig. 1F) 
Alterations in Paramagnetic Species in Fluorotic Enamel
ESR analysis of rodent enamel showed different signals mainly due to isolated Fe 3+ paramagnetic ions and magnetic iron-bearing compounds. Iron oxides and/or hydroxides usually give broad ESR lines, from a tenth of mT to hundreds of mT depending on their crystallinity and particle size (Fig. 1G) . At room temperature (293 K), the X-band ESR spectrum of sound enamel mostly exhibited a broad and asymmetric resonance line at low magnetic fields (g ≈ 8) and a narrower signal centered at 275 mT (g ≈ 2.4), which may be due to small particles of iron oxides: magnetite (Fe 3 O 4 ) and hematite (Fe 2 O 3 ), respectively. At low temperature (4.2 K), the ESR spectrum revealed the presence of isolated Fe 3+ ions located at 2 distinct sites with different symmetry (C 2v for the g = 4.3 signal and D 4h or D 3d for the g = 6.0 line). Under fluoride treatment, there was a significant decrease in intensity for the signals detected at g ≈ 8.0, g ≈ 2.4, and g = 2.06, corresponding mainly to iron-bearing secondary phases (oxides and oxyhydroxides).
Expression Modulations of Genes Involved in Iron Metabolism in Fluoride-Treated Dental Epithelia
We next investigated possible fluoride-mediated enamel alterations in the expression of genes involved in blood iron homeostasis (Hamp and Trf), entry (Tfrc and Slc11a2), storage (Fth and Ftl), and export (Slc40a1) to explain the mechanisms of action of iron in enamel defects ( Fig. 2A-H) . RT-qPCR analysis showed dental epithelial cells to express all tested mRNAs, except Trf mRNA ( Fig. 2A) . Fluoride slightly increased Tfrc and Slc40a1 mRNA levels and reduced the Fth mRNA level, contrary to Ftl, which was not significantly modulated. Fluoride also reduced Fth protein levels as evaluated by immunofluorescence and Western blotting (Fig. 2E, G) . Fth was mostly localized in maturation-stage ameloblasts (Fig. 2B, E ), which were the cells able to accumulate iron (Fig. 1) . The 3 proteins involved in transmembrane iron flux-Tfrc, Slc40a1, and Slc11a2-were present not only in ameloblasts but also in papillary layer cells (Fig. 2C, D, F) . Tfrc and Slc11a2 were Figure 2 . NaF-induced expression modulations of mRNAs and proteins involved in iron metabolism in the mouse enamel organ. (A) Relative levels of hepcidin (Hamp), transferrin (Trf), transferrin receptor (Tfrc), Dmt-1 (Slc11a2), Fth, Ftl, and ferroportin (Slc40a1) mRNAs were measured in dental incisor epithelium by RT-qPCR. Relative expression levels were presented as ratios of test mRNA on reference RS15 mRNA. a.u., arbitrary units. (B-F) Immunofluorescent assays show Fth staining in secretion-stage (B) and maturation-stage (E) ameloblast cytoplasm (in green) and iron transporters at the cell membranes, Tfrc (C), Slc11a2 (D), and Slc40a1 (F) (in red) in controls and NaF-treated mice. Nuclei were stained with DAPI (in blue). Am, ameloblast; PL, papillary layer. Scale bars = 30 µm. (G, H) Western blotting of whole mouse epithelial dental tissues shows Fth (G), Gapdh (used as the internal reference), and Slc40a1 (H). Means were calculated from the data of 3 independent experiments (each carried out on 3 different samples). Typical results are shown. Mean ± SD. *P ≤ 0.05. **P ≤ 0.01. C, control; ns, nonsignificant; RTqPCR, quantitative real-time polymerase chain reaction. localized to the basolateral side of ameloblasts (in front of papillary layer cells), whereas Slc40a1 was localized to the apical (in front of enamel) and basolateral sides, in contrast to other polarized epithelial cells that express Slc11a2 on the basolateral membrane only (Canonne-Hergaux et al. 1999 ). This represents the only example of polarized epithelial cells in which the iron export protein is present on both sides of the cell.
Iron Content Imbalance in Fluoride-Treated Fth +/-Mice
With Fth being a target gene of fluoride, its involvement in amelogenesis was investigated with Fth +/-mice (Ferreira et al. 2001 ). Late maturation-and pigmentation-stage ameloblasts presented a decreased ability to store iron when compared with control, as revealed by Perl's staining and SIMS imaging when 1 Fth allele was deleted (Fig. 3A-C) . NaF treatment further reduced iron content in ameloblasts as well as the length of area containing labeled ameloblasts. Areas with groups of ameloblasts partially or completely devoid of staining were greater in NaF-treated Fth +/-mice than controls (Fig. 3A, encircled) . A similar reduction of iron content was also observed with SIMS analysis (Fig. 3D) .
In addition to the expected decrease in Fth expression in Fth +/-mice, NaF further decreased its expression at lower levels than in NaF-treated control mice. The Tfrc signal was stronger in NaF-treated Fth +/-mice, similar to the changes observed in NaF-treated wild-type mice (Fig. 3E) . The Slc11a2 signals were reduced in mature ameloblasts as well as in papillary layer cells of Fth +/-mice and decreased further in NaF-treated Fth +/-mice at lower levels than in NaF-treated control mice (Fig. 3F) . Slc40a1 levels were decreased in Fth +/-mice at the RNA (Fig.  3K) and protein (Fig. 3L ) levels and compensated by the slight increase in NaF.
Structural and Mechanical Alterations of Fluorotic and Fth +/-Teeth
We wished to understand the relation between dental structure alteration and iron content disruption either upon exposure to fluoride or when 1 Fth allele was deleted. Fine observation of incisors showed that Fth +/-mice presented white enamel in the absence of any treatment, comparable to NaF-treated mice (Fig. 4A, B) . More important, Fth +/-mice presented broken incisors when challenged by exposure to NaF (Fig. 4B) .
To explain this phenotype, control and Fth +/-incisors were investigated for their mechanical and ultrastructural properties via a nanoindentation technique and SEM/EDS analyses, respectively (Fig. 4C-G) . The mean values of the hardness and elastic moduli of sound enamel increased from the +/-enamel presented a highly significant decreased Ca/P ratio in whatever areas were investigated (n = 15 measurements for each sample). Mean ± SD. *P ≤ .05. **P ≤ 0.01. ***P ≤ 0.001. C, control; DEJ, dentin-enamel junction; IE, inner enamel; IR, interrod; OE, outer enamel; R, rod. dentin-enamel junction to the enamel surface for control mouse incisors, with the highest values in the pigmented enamel (Fig.  4C, Appendix Fig. 1B, black line) . There was a significant decrease in enamel hardness in Fth +/-mice as compared with wild types, especially for pigmented enamel (Fig. 4C , black line vs dotted line). All the values of hardness and elastic moduli were clearly lower in fluorotic enamel (red lines) than in sound enamel (black lines) irrespective of the area studied.
SEM analysis showed that fluoride administration induced shorter and larger rods, with many small, irregularly shaped crystallites in rod enamel as well as in interrod enamel (Fig. 4F) .
In addition, SEM imaging showed dark areas in the outer enamel of Fth +/-mice with larger crystallites; difficult to distinguish, they appeared as aggregates that resisted during etching (Fig. 4E, F) . EDS analysis revealed a significant decrease in Ca/P ratio in the enamel of Fth +/-mice whatever areas were investigated (Fig. 4G) . NaF treatment appeared to protect the crystallites of prismatic enamel of Fth +/-mice from acidic dissolution (Fig. 4F) .
Discussion
We showed here that exposure to excessive fluoride reduces iron storage in ameloblasts and iron amount in enamel. Fluoride affects several proteins involved in iron homeostasis, which suggests that the fluorosis phenotype might be mediated, at least in part, by a disruption in iron content in the ameloblasts. Rodent incisor enamel, unlike that of humans, has a high level of iron, and this is incorporated directly into the crystal structure (Dumont et al. 2014; Gordon et al. 2015) . We tested our hypothesis by treating Fth heterozygous mice with fluoride and assessed the extent of enamel damage. The results show that lowering levels of Fth further with genetic means exacerbates the phenotype produced by NaF alone.
The consequence, clearly visible in rodents, is the whitish opacities on enamel, attesting the suppression of iron deposition in the outer layer. Its mechanical consequence is the lowering of enamel hardness, in accordance with studies showing that iron may improve enamel quality (Gordon et al. 2015; Bhattacharya et al. 2016) . The nanoindentation method was used here, as it is the principal method to study the mechanical behavior and reliability of enamel. We found reduced Young's elastic moduli values and hardness of fluorotic enamel. This reduction in enamel hardness was also observed when 1 allele of Fth was deleted, especially in pigmented enamel, thus illustrating Fth and iron functional involvement in enamel mechanical properties. In addition, SEM and EDS analyses highlighted Fth involvement in enamel prismatic structure and the mineralization process underlying the importance of iron in ameloblast activity. These results are in accordance with ESR spectroscopy, which showed that iron oxides and oxyhydroxides appeared affected under fluoride treatment. Decreased iron content renders enamel prone to erosion and demineralization (Dumont et al. 2014) . Here, we correlated the reduced iron content in fluorotic-weakened enamel with a depletion of iron in enamel-forming cells. Fluoride prevented the physiologic storage of iron in ameloblasts by reducing and interrupting the length of the region containing colored ameloblasts, suggesting premature iron delivery and explaining the discoloration of fluorotic enamel. In addition to its multiple extracellular effects, including disruption of amelogenin assembly (Denbesten and Li 2011) and mineralization (Bronckers et al. 2009 ), fluoride has intracellular effects through the modulation of gene expression, independent of the mineralization phase (Wurtz et al. 2008; Houari et al. 2014) . Fluoride modulates the expression of many key genes involved in amelogenesis, such as the enamel matrix protein amelogenin and the proteolytic enzymes KLK-4 and MMP-20 (Suzuki et al. 2014; Li et al. 2018) . In the present work, an analysis of the expression modulations of genes involved in iron storage and transportation revealed, for the first time, Fth as a fluoride target. Fluoride can thus influence iron homeostasis via the reduced expression of Fth, and a decreased amount of Fth is associated with weakened enamel quality. Moreover, the cellular localization of iron transporters showed that the remaining extracellular iron present at the apical side of ameloblasts was retaken up by the increased amount of Tfrc on the apical membrane of ameloblasts to compensate for its lower level. In Fth +/-mice, an increase in Tfrc and a decrease in Slc40a1 levels were expected as a feedback loop regulation because of the lower expression of Fth. NaF treatment of Fth +/-mice enhanced these modulations, leading to higher iron reuptake due to higher Tfrc levels. Thus, available iron for secretion into the enamel matrix was even more strongly reduced, leading to colorless enamel . Iron is stored in ameloblasts by ferritin heavy chain (Fth). Slc40a1 exports iron outside from the apical membrane of ameloblasts to the enamel matrix. Slc40a1 is also present at the basolateral membrane, where it exports iron to circulating blood. On the right, NaF reduces Fth expression in ameloblasts and thus their iron content. In addition, available iron for secretion into the enamel matrix is further reduced because of apical Tfrc "reuptake" and the decrease in Slc40a1 levels. The lack of iron that may occur during chronic exposure to fluoride results in enamel that is softer, less acid resistant, and uncolored. Resulting enamel defects may be used as a marker of iron-related disorders. (Fig. 5) . Finally, the well-known preferential effect of fluoride on maturation-stage ameloblasts may be due, at least in part, to their capacity to store iron.
All these data demonstrate the relation between exposure to excessive fluoride and the loss of iron in fluorotic enamel defects that may occur in rodents. We hypothesize a similar relation in humans that needs to be further investigated, as iron present as a trace element in human enamel has been reported to contribute to enamel structural properties with a lower relative content of carbonate type A (Ghadimi et al. 2013 ). In addition, only high-dose fluoride effects leading to fluorosis were investigated, raising the question of fluoride low-dose effects.
More generally, these data raise the question of fluoride effects on iron storage in other cells and organs associated to oxidative stress that may contribute to fluoride effects on population health.
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